This study examined the twinning mechanism and operating twin system of a face centered tetragonal (FCT) L1 0 -MnNi phase in an equiatomic Mn-Ni alloy using detailed TEM analysis (electron diffraction, high resolution imaging, and HAADF (Z-contrast) imaging techniques) of the structure of the twins formed during the (B2, bcc) to (L1 0 , fct) phase transformation. In addition to the well-documented f111g1=6h112 deformation twinning system in L1 0 crystals, f111g1=6h211 Ã type pseudo-twin systems were also observed. The Z-contrast image of the twins showed that no atomic shuffling occurred during twinning in the -MnNi phase and atomic order was maintained in the f111g1=6h112 type true-twins. Ã in hijk, i and j are interchangeable in the tetragonal system but k is not.
Introduction
The twinning systems of a L1 0 crystal are similar to that of a fcc crystal, which was reported to be f111g1=6h112i.
1)
However, there is limited dislocation movement in a L1 0 ordered phase compared with that in fcc crystals due to the atomic ordering and poor symmetry of the tetragonal crystal structure. 2, 3) Therefore, the twinning system of the L1 0 ordered phase is also limited compared with that of the fcc structure. Many studies have on the twin systems of L1 0 ordered phase been carried out. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] These studies can be categorized in two groups. The first is the formation of twins during mechanical deformation. [4] [5] [6] [7] [8] [9] [10] The other is the twinning system during the phase transformation of a disordered phase to an ordered L1 0 crystal. 11, 12) In both groups, it was reported that the possible twinning system of the L1 0 structure is a f111g1=6h112 type true twin. 4, 7, 9, 10) The f111g1=6h211 type pseudo-twin system can change the crystal structure of L1 0 to L1 1 if there is no atomic shuffling. 4, 7, 8) It was concluded that a pseudo-twin system is difficult to occur in a L1 0 crystal because this would increase the total energy of the system. 4, 7) Atomic shuffling is also an important factor in the twinning of the ordered phase. Many reports state that twinning along with atomic shuffling occurs in the ordered phase. 6, 7) Therefore, the structure of the twins in the ordered phase was considered to be same as that of the matrix, even though twinning in the ordered crystal could alter the symmetry and structure of the crystal. 13) In this study, the twinning systems of the L1 0 -MnNi phase were examined using TEM techniques, and atomic ordering in the twins was confirmed by HAADF imaging using Cs-corrected STEM.
Experimental

Alloy preparation and heat treatment
A Mn-Ni alloy with a composition of 51.3%Mn-48.7%Ni was prepared by vacuum induction melting using electrolytic nickel, and electrolytic manganese. The ingot was homogenized at 950 C for 24 hours in an argon atmosphere, and furnace cooled to 800 C at a rate of 6 C/min. The ingot was then annealed at this temperature for 24 hours, and furnace cooled to room temperature.
Microscopic observation
Specimens, 1$1:5 mm in thickness, were cut using a low speed diamond saw. These specimens were electro-chemically thinned to a 100 mm in thickness, and 3 mm discs were then punched out from these sheets. The specimens for transmission electron microscopy (TEM) were prepared using an electro-polishing method in a solution of 10% perchloric acid + 90% methanol followed by ion-milling in a Gatan PIPS. The thin foils were observed on a JEOL JEM-3000F or in FEI TEHCNAI F20 microscope. To investigate the arrangement of Mn and Ni atoms in the matrix and twins, a high angle annular dark field (HAADF) image was obtained using a JEM-2100F microscope equipped with a STEM Cscorrector. Figure 1 shows the crystal structure and atomic arrangement in the L1 0 -MnNi phase. The -phase has a face centered tetragonal structure with the lattice parameter of the c-axis being 6% shorter than that of the a-axis. Mn atoms lie in the basal (001) plane and Ni atoms lie in the (002) Figure 3 shows the bright field (BF), high resolution (HR) micrographs and selected area diffraction (SAD) pattern of the twin in the -MnNi phase observed in the [110] beam direction. Ordered spots could be found in the Fast Fourier Transform (FFT) of the phase contrast image and the SAD pattern in Fig. 3(c) . The angle between the adjacent ð1 1 1 1 1Þ and ð1 1 11Þ plane was approximately 74 , which is identical to that of the -phase at the h110 zones. However, the angle between the g1 1 1 1 1 T and g1 1 11 was approximately 72 , which is different from that of the -matrix. This means that the twin plane in this type of twin is not a mirror plane. In the diffraction patterns shown in Fig. 3 and Fig. 4 , the angle between the adjacent {111} type planes in the twin were different from that of the -matrix. This difference can be understood by calculating the shear angle in the twin. Figure 7 shows the twinning shear angle, , in the fct structure. The final equation in Fig. 7 shows the shear angle to be a function of the tetragonal aspect ratio (c=a). If the aspect ratio is 1, as is the case of a fcc crystal, the shear angle would be 38.94
Results
Crystal structure of -MnNi phase
. The shear angle was found to be 38.16 in the case of the -phase. Therefore, twin plane in the -phase cannot be the mirror plane.
4.2
The twin system of L1 0 -MnNi phase Figure 8 shows the Thompson's tetrahedral in the FCTMnNi. In the fct -phase, the Burgers vectors of the 1=6h211 type Shockley partial dislocations are longer than that of the 1=6h112 type Burgers vectors. Moreover, when the f111g1=6h211 twin system is present, the crystal structure can change to a L1 1 structure. 4, 7, 8) This will increase the total energy of the system. This type of twin system was barely observed in the L1 0 system. However, in addition to the ð 1 111Þ 1=6½ 1 11 2 2 type true-twin system, the ð 1 1 1 11Þ 1=6½2 1 11 type pseudo-twin system was found in the -phase, as shown in Figs. 3 Table 1 shows all possible twin systems in the L1 0 -MnNi phase. In addition to the f111g1=6h112 true-twin systems, the f111g1=6h211 pseudo-twin systems were also allowed in The Twin and Twin System in FCT L1 0 -MnNi Phase in an Equiatomic Mn-Ni Alloythe L1 0 -MnNi phase. This is in contrast to previous reports on the L1 0 twin system. 4, [7] [8] [9] [10] 4.3 Atomic shuffling in the twin of L1 0 -MnNi phase It was suggested that twins in the ordered phase were accompanied by atomic shuffling. 6, 7) However, there is a report showing that no atomic shuffling is required in the L1 0 true-twin system but no clear evidence was provided.
4) The Z-contrast image in Fig. 5 shows the ordering of Mn and Ni atoms in the weaker Mn and stronger Ni columns in thematrix as well as in the twin. This ordering did not disappear in the twin. This is clear evidence that there is no atomic shuffling in the ð 1 111Þ1=6½ 1 11 2 2 true-twin system. It was not possible to confirm the atomic shuffling in the pseudo-twin system because the ordering could not be observed in the [011] and [101] beam orientations.
Conclusion
The twin system in the L1 0 -MnNi phase was examined using TEM. In contrast to previous reports on L1 0 twin systems, it was confirmed that the L1 0 -phase has f111g1=6h211 pseudo-twin systems as well as f111g1=6h112 true-twin systems. The SAD patterns also confirmed that the twin plane is not a mirror plane in both the true-twinning and pseudo-twinning systems. This was attributed to the variation in the shear angle with respect to the aspect ratio (c=a). The Z-contrast image analysis revealed that a pure twinning shear occurred without atomic shuffling during the operation of the f111g 1=6h112 type true-twin systems.
